Anaerobic digestion is the most widely used technology to produce biogas such as methane and hydrogen from the decomposition of organic compounds. The effectiveness of the process depends on the stability of the consecutive reactions i.e. hydrolysis, acidification, acetogenesis, and methanogenesis. The process is widely used in sludge treatment for stabilization and production of methane gas. Due to the recent demand of renewable energy, anaerobic digestion has also been used for treating biodegradable wastes; for instance, the organic fraction of municipal solids wastes, wastewater treatment biosolids, and various food and beverage wastes (Arsova, 2010). Particularly, anaerobic digestion of food wastes (FW) is also considered as one of the effective methods of waste management. However, digestion stability can be hampered when FW is used as single substrate due to the high variability of its composition depending on its source (Lacovidou et al., 2012). Thus, the use of FW as co-substrate for municipal sludge digestion has emerged to enhance sludge digestibility, and increase energy generation to facilitate the achievability of energy-neutral wastewater treatment.
INTRODUCTION
As wastewater treatment plants endeavor to become water resource recovery facilities -Utilities of the Future, codigestion of sewage sludge with food waste to enhance methane production in anaerobic digesters is gaining interest. Centralized preprocessing of the organic fraction of municipal waste, especially commercial food waste, is one approach utilized to prepare slurry for delivery in bulk directly to anaerobic digesters. This avoids transportation through sewers which requires primary clarification to separate the solids for digestion and is therefore more efficient. Grind2Energy™ is a recent innovation that utilizes decentralized source separation and preprocessing of commercial food waste with a 10 HP grinder and minimal water to produce a slurry. However, Grind2Energy™ slurry is stored onsite within a large storage tank for up to 7 to 14 days before delivery to water resource recovery facilities. This preprocessing and storage facilitates biological activity where hydrolysis, fermentation and acidification creates an energy rich, readily biodegradable and virtually contaminant free slurry to enhance methane production. There is some research on quantifying optimal loading of codigestion feedstock to avoid process upset. However, to better understand the impacts of codigesting preprocessed Grind2Energy™ slurry, researchers at Western University conducted an experimental analysis to evaluate and model various loading rates on anaerobic digesters and quantify the resulting methane and solids production.
The beneficial effects of FW as co-substrate for sludge anaerobic digestion include improvement of methane yield and acceleration of methane production (Koch et al., 2016; Lacovidou et al., 2012) . For instance, according to a study by Sosnowski et al. (2008) , methane production per kg volatile solid destroyed was 0.32 L/kgVS for sewage sludge only, 0.23 L/kgVS for FW only, and 0.44 L/kgVS for a mixture of sewage sludge (75% dry solids) and FW (25% dry solids). The positive effect of FW on sludge digestion performance is related to the increased carbon to nitrogen (C/N) ratio and enhanced kinetics due to the addition of food wastes. In fact, the optimal C/N ratio for anaerobic digestion is 15:1-30:1, much greater than the 6:1 to 9:1 of wastewater sludges (Koch et al., 2016; Lacovidou et al., 2012) . The average C/N ratio of 19 food waste samples reported in different studies is 16:1 (Kim et al., 2015) , and thus co-treatment of FW and wastewater sludges could be beneficial to energy production and solids destruction. Moreover, the addition of easily degradable FW helps to overcome the limitation of slow hydrolysis, which is the rate limiting step in sludge digestion. A recent study by Koch et al. (2016) reported that methane production in a full scale WWTP digester was enhanced from 0.31 L/kgVS with raw sludge (C/N ratio of 8.8) to 0.39 L/kgVS with addition of FW with a C/N ratio of 17.7 at 10% (W/W), resulting in a C/N ratio of 9.7. Although the 9.7 was still lower than the aforementioned optimal C/N ratio (15:1-30:1), the substantially high hydrolysis rate of food wastes triggered enhancement of acidogenesis and methanogenesis (Koch et al., 2016) .
Research was recently completed under the direction of Dr. George Nakhla of the University of Western Ontario to explore the codigestion of Grind2Energy food waste slurry (G2EFWS) and wastewater biosolids. G2EFWS samples used for this experiment were collected from systems in WI where food waste from supermarkets is ground with minimal water and retained in a large tank for up to two weeks prior to delivery to digesters. The objective of this study was to explore the long-term effect of food wastes on co-digestion with primary sludge (PS) and thickened waste activated sludge (TWAS). This study elucidates the co-digestion performance and explores its synergistic effects.
EXPERIMENTAL PLAN
Five reactors with a total volume of 2.4 L and a working volume of 1.8 L each were used as semi-continuous flow anaerobic digesters (Figure 1 ). Solids retention time (SRT) was controlled at 20 days through feeding and wasting at 90 mL daily. Reactors were completely mixed using a mixer (Stir-Pak, model SSM20). Initially, feeding and wasting for the system operation was done on continuous flow using peristaltic pumps (Masterflex L/S Tubing Pumps, Model 77200-62); however, due to unstable feeding and wasting associated with clogging, the feed pattern was switched to semi-continuous flow through manually feeding and wasting using a syringe at the same time each day with wastage performed prior to feeding.
RESULTS
Codigestion performance of five different digesters fed with different concentrations of food wastes achieved COD removal efficiencies of 47% (sludge only, COD/N ratio of 21), 52% (sludge only, COD/N ratio of 27), 61% (10% FW, COD/N ratio of 23), 64% (20% FW, COD/N ratio of 25), and 69% (40% FW, COD/N ratio of 27). Increasing the COD/N ratio positively affected digestion performance reflected by COD removals from reactors treating sludge only. In addition, co-digestion also enhanced digester performance compared with the performance of sludge only (52%, COD/N ratio 27) possibly due to the positive effect of biodegradability of food wastes on anaerobic digestion. The first-order COD removal rates in the FW digesters ranged from 0.075 d -1 to 0.11 d -1 , more than double the control of 0.042 d -1 . Methane production per g influent COD were 1.3-1.8 fold higher in co-digestion than digestion with sludge alone, reflecting the synergistic effect of food waste digestion on energy generation. Additional methane production through synergistic effects accounted for a minimum of 18%-20% of the overall methane production in the co-digestion reactors. Food wastes COD removal efficiencies were estimated as 85%-96% while FW VSS destruction efficiencies ranged from 55% to 70%.
SUMMARY AND CONCLUSIONS
The experimental data showed that the digested sludges TSS concentrations in the FW digesters were not different than the control, implying that sludge disposal costs will not be significantly impacted. The most significant finding of this study demonstrated that the increased loadings of G2EFWS do not deteriorate digester performance, but on the contrary improve the digestibility of primary and WAS solids. This clearly dispels a common myth in the industry that the addition of FW does in fact decrease the available capacity for sludges. Applying the analysis results to a typical digester system provide important implications of the findings of this study. For a wastewater treatment plant utilizing anaerobic digestion with a population equivalent of
